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(57) ABSTRACT 

A program conversion apparatus according to the present 
invention includes: a thread creation unit which creates a 
plurality of threads equivalent to a program part included in a 
program, based on path information on a plurality of execu 
tion paths, each of the execution paths going from a start to an 
end of the program part, each of the threads being equivalent 
to at least one of the execution paths; a replacement unit 
which performs variable replacement on the threads so that a 
variable shared by the threads is accessed by only to one of the 
threads in order to avoidan access conflict among the threads: 
and a thread parallelization unit which generates a program 
which causes the threads to be speculatively executed in 
parallel after the variable replacement. 

Compiler system 210 

Compiler 

  

  

  

    

    

  

  



Patent Application Publication May 19, 2011 Sheet 1 of 39 US 2011/01 19660 A1 

v 
O 
N 

h 
Vr L?) 
O O 
N N 

ym \ a 
O 

H O Cld 
th > 

y 
O 
N 

S E 
O) 
C 
O 
C 
9 
U 
- 
CU 
C 
C 
O 
O 

  

  



US 2011/01 19660 A1 May 19, 2011 Sheet 2 of 39 Patent Application Publication 

OIZ 

D 

  

  

    

  

  

  



Patent Application Publication May 19, 2011 Sheet 3 of 39 US 2011/01 19660 A1 

FIG. 3 

1 Program conversion apparatus 
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FIG. 4 

void f(){ 
int a, b, c, d, e, f, g, h, X, y; 

a = b + c; // S1 
C = a + 10; // S2 
if (c > 0) { // S3 

C = c + 1 ; // S4 
d = e + 1; // S5 

else 
a = c + 2; // S6 
d = d + 2; // S7 

f = d + 3; // S8 
if (f > 0) { // S9 

a = b / f; // S10 
X = y + 20; // S11 

else 
b = a + f; // S12 
x = y + 30; // S13 
g = C + b; // S14 

= f + g; // S15 
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FIG. 5 

void f(){ 
int a, b, c, d, e, f, g, h, X, y; 

#pragma PathInf: BEGIN(X) 
a = b + c; // S1 
C = a + 10; // S2 
if (c > 0) { // S3 

# pragma PathInf: PID(X) 
C = c + 1 ; // S4 
d = e + 1; // S5 

else 
a = c + 2; // S6 
d = d -- 2; // S7 

# pragma PathInf: PID(X) 
f = d + 3; W/S8 
if (f > 0) { // S9 

# pragma PathInf: PID(X) 
a = b / f; // S10 
x = y + 20; // S11 

else 
b = a + f; // S12 
x = y + 30; // S13 
g = c + b; // S14 

# pragma PathInf; PID(X) 
h = f+ g; // S15 
# pragma PathInf: END(X) 
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FIG. 6 

# pragma Thread thr X 
{ 

{// Thread main block 
a = b + c; // S11 
C = a + 10; // S21 
if (c > 0) { // S31 

C = C + 1; // S41 
d = e + 1; // S5 1 

else 
// Not Copied 

f = d + 3; // S81 
if (f > 0) { // S91 

a = b / f; // S101 
X = y + 20; // S111 

else 
// Not copied 

h = f+ g; // S151 
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FIG. 7 

# pragma Thread thr X 
{ 

{// Thread main block 
a = b + c, W/ S1 
C = a + 10; // S21 
if (C <= 0) Stop thr X; // S311 

c + 1, W/ S41 
e + 1, A/S5 1 

C = 

d = 

f = d + 3; A/S81 
if (f K = 0) Stop thr X; // S9 11 

a = b / f; WW S101 
X = y + 20; // S111 
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FIG. 8 

# pragma Thread thr X 

-// Thread main block 
a = b + c, // S11 
C = a + 10; // S21 
if (C <= 0) Stop thr X; // S3111 

C = c + 1, // S41 
d = e + 1; // S51 

f = d + 3; // S81 
if (f -= 0) Stop thr X; // S9111 

a = b / f; W S101 
X = y + 20; // S111 

h = f + g; // S15 1. 
} 

{// Other-thread stop block 
Stop OTHER THREAD; // S200 







Patent Application Publication May 19, 2011 Sheet 11 of 39 US 2011/01 19660 A1 

FIG. 11 

#pragma Thread thr X 
{ 

int a2, C2, h2, X2, d2, f2; 

{// Entry block 
} 

// Thread main block 
a2 = b + c, // S11 
c2 = a2 + 10; // S21 
if (c2 <= 0) Stop thrx; // S3111 

C2 = C2 + 1, // S41 
d2 = e + 1, // S51 

f2 = d2 + 3; // S81 
if (f2 <= 0) Stop thrx; A/ S91. 11 

a2 = b / f2; A/ S10 1. 
x2 = y + 20, // S111. 

h2 = f2 + g; // S15 1. 

{// Other-thread stop block 
Stop OTHER THREAD; // S200 

} 

{// Exit block 
a = a2; A/S206 
C = C2; f/ S2O7 
= h2; W/S208 

X = X2; // S209 
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FIG. 15 

# pragma Thread thr Or 
{ 

{// Thread main block 
a = b + c; 1/ S1 
C = a + 10; ?/S2 
if (c > 0) { // S3 

C = C + 1, // S4 
d = e + 1, // S5 

else 
a = c + 2; // S6 
d = d + 2; // S7 

} 
f = d +3; // S8 
if (f > 0) { // S9 

a = b / f; // SO 
x = y + 20, // S11 

else 
b = a + f; // S12 
x = y + 30; // S13 
g = c + b; // S14 

} 
h = f+ g; f/ S15 

} 

{// Other-thread stop block 
Stop OTHER THREAD; // S100 

} 
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FIG. 18 

# pragma Thread thr Or 

int b1, C1, di, g1, hi, X1, fil; 

{// Entry block 
// S105 

{// Thread main block 
a1 = b + C; 
c1 = a1 + 10; 
if (c1 > 0) { 

c1 = C1 + 1, 

// S1 
// S2 
// S3 
// S4 

di = e1 + 1; // S5 
else 
a1 
d1 

f = d1 + 3; 
if (f1 > 0) { 

a1 = b / f1; 

c1 + 2; // S6 
d1 + 2; // S7 

A/S8 
// S9 
// S10 

x1 = y + 20; // S11 
else 
b1 = a1 + f1; // S12 
x1 = y + 30; // S13 
g = C1 + b; // S14 

1 = f1 + g1; // S15 

{// Other-thread stop block 
Stop OTHER THREAD; 

// Exit block 
a = a1; // S110 
C = C1; // S111 
h = hl; // S112 
X = X1; // S113 

US 2011/01 19660 A1 

// S100 
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FIG. 20 
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FIG. 21 

void f(){ 
int a, b, c, d, e, f, g, h, X, y; 

# pragma PathInf: BEGIN(X), WAL(b:5), VAL(e:8) 
# pragma PathInf: PID(X) 
a = b + c, // S1 
C = a + 10; // S2 
if (c > 0) { // S3 

#pragma PathInf: PID(X) 
C = c + 1 ; // S4 
d = e -- 1; // S5 

else 
a = c + 2; // S6 
d = d -- 2; // S7 

# pragma PathInf: PID(X) 
f = d + 3; // S8 
if (f > 0) { // S9 

# pragma PathInf: PID(X) 
a = b / f; // S10 
x = y +20; // S11 

else 
b = a + f; // S12 
x = y + 30; // S13 
g = c + b // S14 

#pragma PathInf: PID(X) 
h = f+ g; // S15 
# pragma PathInf: END(X) 
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FIG. 22 

# pragma Thread thr X VP 
{ 

int a3, c3, h3, X3, d3, f3; 

{// Entry block 

-// Thread main block 
a3 = b + c; ?/S12 
C3 = a3 + 10; // S22 
if (c3 <= 0) Stop thr X VP; // S3121 

C3 = C3 + 1; // S42 
d3 = e + 1, // S52 

f3 = d3 + 3; // S82 
if (f3 <= 0) Stop thrX VP; // S91. 21. 

a3 = b / f3; A/S102 
X3 = y + 20; // S112 

h3 = f3 + g; // S15 2 

{// Other-thread stop block 
Stop OTHER THREAD; // S300 

{// Exit block 
a set a3; // S306 
C = C3; // S307 
h = h3; // S308 
X = X3; // S309 
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FIG. 23 

# pragma Thread thr XVP 
{ 

inta3, c3, h3, X3, d3, f3; 

// Constant determination block 
if (b = 5) Stop thr X VP; // S201 
if (e! = 8) Stop thr X VP; // S202 

{// Entry block 

-// Thread main block 
a3 = 5 + c; // S1 2 
c3 = a3 + 10; // S22 
if (c3 <= 0) Stop thr X VP; // S3121 

c3 = c3 + 1; // S42 
d3 = 8 + 1, // S5 2 

f3 = d3 + 3; // S82 
if (f3 <= 0) Stop thr X VP; // S91.21 

a3 = 5 / f3; // S10 2 
x3 = y + 20; // S112 

h3 = f3 + g; // S15.2 

{// Other-thread stop block 
Stop OTHER THREAD; // S300 

{// Exit block 
a = a3; // S306 
C = C3; // S307 
h = h3; // S308 
X = X3; // S309 
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FIG. 24 

#pragma Thread thr X VP 

int a3, C3, h3, X3, d3, f3; 

{// Constant determination block 
if (b. = 5) Stop thr X VP; // S310 
if (e = 8) Stop thr X VP; // S311 

// Entry block 

{// Thread main block 
a3 = 5 + c; // S12 
c3 = a3 + 10; // S2 2 
if (c3 <= 0) Stop thr X VP; // S3121 

c3 = c3 + 1; // S4 2 
d3 = 9; // S52 

f3 = 12; // S82 
if (f2 <= 0) Stop thr X VP; // S91. 21 

a3 = 0; // S10 2 
x3 = y + 20; // S112 

h3 = 12 + g; // S15.2 

{// Other-thread stop block 
Stop OTHER THREAD; // S300 

{// Exit block 
a = 0; // S306 
C = C3; // S307 
h = h3; // S308 
x = x3; // S309 
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FIG. 25 

# pragma Thread thr XVP 
{ 

int a3, c3, h3, X3; 

{// Constant determination block 
if (b. = 5) Stop thr X VP; // S310 
if (e! = 8) Stop thr X VP; // S311 

{// Entry block 

// Thread main block 
a3 = 5 + c; W/ S12 
c3 = a3 + 10; // S2 2 
if (c3 <= 0) Stop thr XVP; // S3121 

c3 = c3 + 1; // S42 

x3 = y + 20; // S11, 2 

h3 = 12 + g; // S15 2 
} 

{// Other-thread stop block 
Stop OTHER THREAD; // S300 

// Exit block 
a = 0; // S306 
c = c3; // S307 
h = h3; // S308 
X = X3; A/S309 
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FIG. 29 

void f(){ 
int a, b, c, d, e, f, g, h, X, y; 

# pragma PathInf: BEGIN(X) 
#pragma PathInf: BEGIN(Y) 
a = b + c; // S1 
C = a + 10; // S2 
if (c > 0) { // S3 

#pragma PathInf: PID(X) 
C = c + 1 ; // S4 
d = e + 1; // S5 

else 
#pragma PathInf: PID(Y) 
a = c + 2; // S6 
d = d + 2; // S7 

# pragma PathInf: PID(X) 
#pragma PathInf: PID(Y) 
f = d + 3; // S8 
if (f > 0) { // S9 

#pragma PathInf: PID(X) 
#pragma PathInf: PID(Y) 
a = b / f; // S10 
X = y + 20; // S11 

else 
b = a + f; // S12 
x = y + 30; // S13 
g = C + b; // S14 

#pragma PathInf: PID(X) 
#pragma PathInf: PID(Y) 
= f-- g; // S15 

#pragma PathInf: END(X) 
#pragma PathInf: END(Y) 
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FIG. 30 

Main block generation unit 
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120 
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119 
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FIG. 31A 

#pragma Thread thr Or 
{ 

{// Thread main block 
a = b + c, // S1 
C = a + 10; // S2 
if (c > 0) { // S3 

C = c + 1; // S4 
d = e + 1; // S5 

else 
a = c + 2; // S6 
d = d + 2; // S7 

f = d + 3; // S8. 
if (f > 0) { // S9 

// Not copied 
else 
b = a + f; // S12 
x = y + 30; // S13 
g = C + b; // S14 

h = f + g; // S15 









Patent Application Publication 

void f(){ 
int d b, C, d e, f, 9. 
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FIG. 34 

h, X, y; 

US 2011/01 19660 A1 

#pragma PathInf: BEGIN(X:70), VAL(b:5:80), VAL(e:8:50) 
#pragma PathInf: BEGIN(Y:25) 
a = b + C; // S1 
c = a + 10; // S2 
if (c > 0) { // S3 

#pragma PathInf: PID(X) 
C = c + 1 ; // S4 
d = e + 1; // S5 

else 
#pragma PathInf; PID(Y) 
a = c + 2; // S6 
d = d + 2; // S7 

# pragma PathInf: PID(X) 
#pragma PathInf: PID(Y) 
f = d + 3; // S8 
if (f > 0) { ?/ S9 

# pragma PathInf: PID(X) 
# pragma PathInf: PID(Y) 
a = b / f; // S10 
x = y + 20; // S11 

else 
b = a + f; // S12 
x = y + 30; // S13 
g = c + b; // S14 

#pragma PathInf: PID(X) 
#pragma PathInf: PID(Y) 
h = f+ g; // S15 
# pragma PathInf: END(X) 
# pragma PathInf: END(Y) 
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FIG. 35 

# pragma ParaThread Exe 

# pragma Thread thr Or 

int a1, b1, C1, d, ei, g1, hl, fl; 
{// Thread main block 

a1 = b + c; // S1 
c1 = a1 + 10; // S2 
if (c1 > 0) { // S3 

c1 = C1 + 1; // S4 
d1 = e + 1; // S5 

else 
a1 = C1 + 2; // S6 
d1 = d + 2; // S7 

f1 = d 1 + 3; // S8 
b1 = a1 + f1; // S12 
x1 = y + 30; // S13 
g1 = c1 + b; // Si4 
h1 = f1 + g1; // S15 

{// Other-thread stop block 

May 19, 2011 Sheet 36 of 39 US 2011/01 19660 A1 

Stop thr X, thr X. VP, thr Y; // S1002 

{// Exit block 
a = a1; // S110 
= Ci; // S111 

h = hl; W S112 
X = X1; // S113 

# pragma Thread thr X 

y . . . . . . . . . . . . 

is is a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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FIG. 37 

O2 
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PROGRAM CONVERSION APPARATUS AND 
PROGRAM CONVERSION METHOD 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. This is a continuation application of PCT applica 
tion No. PCT/JP2009/001932 filed on Apr. 28, 2009, desig 
nating the United States of America. 

BACKGROUND OF THE INVENTION 

0002 (1) Field of the Invention 
0003. The present invention relates to a program conver 
sion apparatus and a program conversion method, and par 
ticularly relates to a program conversion technique for con 
Verting an execution path of a specific part of a program into 
a plurality of speculatively-executable threads so as to reduce 
a program execution time. 
0004 (2) Description of the Related Art 
0005. In recent years, there has been qualitative and quan 

titative expansion of multimedia processing and enhance 
ment of communication speed for a digital TV, a Blu-ray 
recorder, and a cellular phone. Also, there have been quanti 
tative expansion of interface processing performed by, typi 
cally, game machines. In view of these enhancement and 
expansions, demands for improvement in performance of 
processors installed in consumer embedded devices continue 
to grow. 
0006. Also, recent advances in the semiconductor technol 
ogy is providing an environment where, as processors 
installed in consumer embedded devices, a processor capable 
of concurrently executing multiple program parts (i.e., 
threads) by a multiprocessor architecture and a processor 
with a parallel execution function of concurrently executing 
multiple threads by a single-processor architecture can be 
used at low cost. 
0007 For a program conversion apparatus, such as a com 

plier, which makes effective use of Such processors, it is 
important to efficiently employ computational resources of 
the processor in order to cause a program to be executed at 
higher speed. 
0008. A program conversion method for a processor hav 
ing Such a thread parallelization function is disclosed in Japa 
nese Unexamined Patent Application Publication No. 2006 
154971 (referred to as Patent Reference 1). 
0009. According to the method disclosed in Patent Refer 
ence 1, a specific part of a program is threaded for each of the 
execution paths and optimization is performed for each of the 
threads. With this method, multiple threads are executed in 
parallel so that the specific part of the program can be 
executed in a short time. Major factors for the fast execution 
include the optimization specialized for a specific execution 
path and the parallel execution of the generated threads. 
0010. In general, only one execution pathis selected as the 
execution path of a specific part of the program, and is accord 
ingly executed. However, the program conversion apparatus 
disclosed in Patent Reference 1 concurrently executes the 
threads, each generated for each execution path, and thus 
executes the paths which are not Supposed to be selected 
originally. That is to say, this program conversion apparatus 
performs the “speculative' thread execution. In other words, 
Patent Reference 1 provides the program conversion appara 
tus which performs “software-thread speculative conversion 

May 19, 2011 

whereby execution paths of a specific part of the program are 
converted into speculatively-executable threads. 
0011 For example, as shown in FIG. 38 (which corre 
sponds to FIG.3 in Patent Reference 1), a thread 301, a thread 
302, and a thread 303 are generated from a thread 300 which 
is a program part before conversion. Here, I, J, K, Q, S. L., U. 
T, and X in the thread 300 indicate basic blocks. The basic 
blocks do not include branches nor merges within the thread 
and are executed Successively. The instructions in a basic 
block are executed in order from an entry to an exit of the 
basic block. In the present diagram, the arrows from the basic 
blocks indicate the execution transition. For instance, the 
arrows from the exit of the basic block I indicate branches to 
the basic blocks J and X, respectively. Note that, at the begin 
ning of the basic block, there may be a merge from another 
basic block. Also note that, at the end of the basic block, there 
may be a branch to another basic block. 
0012. The present diagram also shows that the basic 
blocks I, J, and Q of the thread 301 represent a basic block 
which performs an operation equivalent to an execution path 
that is taken in the thread 300 when the transition is made 
from I, J, and then Q in this order. Similarly, the basic blocks 
I, J, K, and S in the thread 302 and the basic blocks I, J, K, and 
L in the thread 303 represent basic blocks, respectively. 
0013 Then, optimization is performed for each of the 
extracted threads to reduce an execution time per thread, and 
then the threads 300, 301, 302, and 303 are executed in 
parallel. As a result, as compared to the case where the thread 
300 which is the program part before conversion is solely 
executed, the execution time can be reduced. 

SUMMARY OF THE INVENTION 

0014. The present invention is based on the concept of 
Patent Reference 1 and has an object to provide a program 
conversion apparatus which is more practical and more func 
tionally-extended and which is designed for a computer sys 
tem with a shared-memory multiprocessor architecture. To be 
more specific, the object of the present invention is to provide 
the program conversion apparatus which is designed for a 
shared-memory multiprocessor computer system having a 
processor capable of executing instructions in parallel, and 
which achieves: thread generation Such that the generated 
threads do not contend for access to a shared memory; thread 
generation using a value held by a variable in an execution 
path; instruction generation for thread execution control; and 
scheduling of the instructions in the thread. 
0015. It should be noted that since a memory is repre 
sented by a variable in a program, a shared memory is also 
represented by a shared variable. 
0016. In order to achieve the aforementioned object, the 
program conversion apparatus according to an aspect of the 
present invention is a program conversion apparatus includ 
ing: a thread creation unit which creates a plurality of threads 
equivalent to a program part included in a program, based on 
path information on a plurality of execution paths, each of the 
execution paths going from a start to an end of the program 
part, each of the threads being equivalent to at least one of the 
execution paths; a replacement unit which performs variable 
replacement on the threads so that a variable shared by the 
threads is accessed by only one of the threads in order to avoid 
an access conflict among the threads; and a thread parallel 
ization unit which generates a program that causes the threads 
to be speculatively executed in parallel after the variable 
replacement. 
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0017. With this configuration, the specific part of the pro 
gram is executed by the plurality of threads which are 
executed in parallel, so that the execution time of the specific 
part of the program can be reduced. 
0018. Also, the thread creation unit may include: a main 
block generation unit which generates a thread main block 
that is a main body of a thread, by copying an instruction 
included in one of the execution paths of the program part; 
and an other-thread stop block generation unit which gener 
ates an other-thread stop block including an instruction for 
stopping an execution of an other thread and arranges the 
other-thread stop block after the thread main block, and the 
replacement unit may include: an entry-exit variable detec 
tion unit which detects an entry live variable and an exit live 
variable that are live at a beginning and an end of the thread 
main block, respectively; an entry-exit variable replacement 
unit which generates a new variable for each of the detected 
entry and exit live variables, and replaces the detected live 
variable with the new variable in the thread main block; an 
entry block generation unit which generates an entry block 
including an instruction for assigning a value held by the 
detected entry live variable to the new variable generated by 
the entry-exit variable replacement unit and arranges the 
entry block before the thread main block; an exit block gen 
eration unit which generates an exit block including an 
instruction for assigning a value held by the new variable 
generated by the entry-exit variable replacement unit to the 
detected exit live variable and arranges the exit block after the 
other-thread stop block; a thread variable detection unit 
which detects a thread live variable that is not detected by the 
entry-exit variable detection unit and that occurs in the thread 
main block; and a thread variable replacement unit which 
generates a new variable for the detected thread live variable 
and replaces the detected thread live variable with the new 
variable in the thread main block. 
0019. With this configuration, the variable shared by the 
threads can be accessed by only one thread. More specifically, 
a variable to which a write operation is to be performed within 
the thread main block is replaced with a newly generated 
variable and, after an other thread is stopped, the write opera 
tion is executed on the variable shared by the Is threads. In 
addition, when the write operation is performed on the shared 
variable, the operation is performed only on the variable live 
at the exit of the thread. This can prevent a needless write 
operation from being performed. 
0020 Moreover, the thread creation unit may further 
include a self-thread stop instruction generation unit which, 
when a branch target instruction of a conditional branch 
instruction in the thread main block does not exist in the 
execution path of the thread main block, generates a self 
thread stop instruction, as the branch target instruction, in 
order to stop the thread, and arranges the self-thread stop 
instruction in the thread main block. 

0021. With this configuration, when it is determined that 
the present thread should not be executed in the first place, the 
present thread can be stopped and the right to use the proces 
sor can be given to a different thread. 
0022. Furthermore, when the branch target instruction of 
the conditional branch instruction which branches when a 
determination condition is not satisfied does not exist in the 
execution path of the thread main block, the self-thread stop 
instruction generation unit may further: reverse the determi 
nation condition of the conditional branch instruction; gen 
erate a self-thread stop instruction, as the branch target 
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instruction, in order to stop the thread for a case where the 
reversed determination condition is satisfied; and arrange the 
self-thread stop instruction in the thread main block. 
0023. With this configuration, when an instruction of a 
branch destination of the case where a determination condi 
tion of a conditional branch instruction in a thread is not 
satisfied does not exist within the present thread, the present 
thread can be stopped and the right to use the processor can be 
given to a different thread. 
0024. Also, the program conversion apparatus may further 
include a to thread optimization unit which optimizes the 
instructions in the threads on which the variable replacement 
has been performed by the replacement unit, so that the 
instructions are executed more efficiently, wherein the thread 
parallelization unit may generate a program that causes the 
threads optimized by the thread optimization unit to be specu 
latively executed in parallel. 
0025. With this configuration, the thread is optimized and 
can be thus executed in a short time. 
0026. Moreover, the thread optimization unit may include 
an entry block optimization unit which performs optimiza 
tions of copy propagation and dead code elimination on: the 
instruction of the entry block in the thread on which the 
variable replacement has been performed; the thread main 
block; and the exit block. 
0027. With this configuration, a needless instruction, 
which occurs when conversion is performed so that a write 
operation to the variable shared by the threads is performed 
by a single thread, can be deleted. 
0028. Furthermore, the thread optimization unit may fur 
ther include: a general dependency calculation unit which 
calculates a dependency relation among the instructions of 
the threads on which the variable replacement has been per 
formed by the replacement unit, based on a sequence of 
updates and references performed on the instructions in the 
threads; a special dependency generation unit which gener 
ates a dependency relation Such that the instruction in the 
other-thread stop block is executed before the instruction in 
the exit block is executed and a dependency relation Such that 
the self-thread stop instruction is executed before the instruc 
tion in the other-thread stop block is executed; and an instruc 
tion scheduling unit which parallelizes the instructions in the 
threads, according to the dependency relation calculated by 
the general dependency calculation unit and the dependency 
relations generated by the special dependency generation 
unit 
0029. With this configuration, the instructions having no 
dependence on the execution sequence, among the instruc 
tions in the thread, can be executed in parallel, instead of 
being executed simply in order from the entry to the exit. 
Thus, the thread can be executed in a short time. 
0030. Also, the path information may include a variable 
existing in the execution path and a constant value predeter 
mined for the variable, the program conversion apparatus 
may further include: a constant determination block genera 
tion unit which generates a constant Is determination block 
and arranges the constant determination block before the 
entry block, the constant determination block including: an 
instruction for determining whether a value of the variable is 
equivalent to the constant value; and an instruction for stop 
ping the thread when the value of the variable is not equivalent 
to the constant value; and a constant conversion unit which 
converts the variable in the thread main block into the con 
stant value, and the thread parallelization unit may generate a 
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program that causes the threads to be speculatively executed 
in parallel after the conversion. 
0031. With this configuration, when a value held by a 
variable in a specific thread is constant, optimization using 
this value can be performed on the thread. Thus, the thread 
can be executed in a short time. 
0032 Moreover, the special dependency generation unit 
may further generate a special dependency relation Such that 
the instructions in the constant determination block are 
executed before the instruction in the other-thread stop block 
is executed. 
0033. With this configuration, when a value held by a 
variable in a specific thread is constant and the optimization 
using this value has been performed on the thread, the instruc 
tions having no dependence on the execution sequence, 
among the instructions in the thread, can be executed in 
parallel. Thus, the thread can be executed in a short time. 
0034) Furthermore, the threads may include a first thread 
and a second thread, and the main block generation unit may 
include: a path relation calculation unit which calculates a 
path inclusion relation between the first and second threads: 
and a main block simplification unit which deletes, from the 
first thread, a path included in both the first and second 
threads, when it is determined from the path inclusion relation 
that the first thread includes the second thread. 
0035. With this configuration, a path which is not to be 
executed within the thread is deleted. Accordingly, the num 
ber of instructions in the thread is reduced and the code size of 
the thread is also reduced. Also, the deletion of the to-be 
unexecuted path increases the number of occasions where 
new optimization can be performed, thereby increasing the 
number of occasions where the thread can be executed in a 
short time. 
0036) Also, the thread parallelization unit may include: a 
thread relation calculation unit which determines whether an 
execution path equivalent to a first thread is included in an 
execution path equivalent to a second thread, the first and 
second threads being included in the threads and calculates a 
thread inclusion relation between the first and second threads 
by determining that the first thread is included in the second 
thread when determining that the execution path equivalent to 
the first thread is included in the execution path equivalent to 
the second thread; a thread execution time calculation unit 
which calculates an average execution time for each of the 
generated threads, using the path information including a path 
execution probability and a value probability that a variable 
holds a specific value; and a thread deletion unit which deletes 
the first thread, when the first thread is included in the second 
thread and the average execution time of the second thread is 
shorter than the average execution time of the first thread. 
0037. With this configuration, a thread which is useless 
even when executed can be deleted using the average execu 
tion time of the thread. Thus, the code size is prevented from 
increasing, and the processor is not allowed to perform the 
useless thread. This can increase the number of occasions 
where other threads can use the processor. 
0038 Moreover, the program may include path identifica 
tion information for identifying a path included in the pro 
gram part, and the program conversion apparatus may further 
include a path analysis unit which analyzes the path identifi 
cation information and extracts the path information. 
0039. With this configuration, the user of the program 
conversion apparatus can describe the path identification 
information directly in the source program so as to designate 
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the program part which the user wishes to thread. Thus, 
efficiency of the program can be increased by the user in a 
short time. 
0040. Furthermore, the program may include variable 
information indicating a value held by a variable existing in 
the execution path, and the path analysis unit may include a 
variable analysis unit which determines the value held by the 
variable, by analyzing the path identification information and 
the variable information. 
0041. With this configuration, the user of the program 
conversion apparatus can describe a value held by a variable 
which is live in the path directly into the source program, so 
that the thread can be executed in a shorter time. Thus, effi 
ciency of the program can be increased by the user in a short 
time. 
0042. Also, the program may include: path identification 
information for identifying a path; execution probability 
information on the path; variable information indicating a 
value held by the variable existing in the path; and value 
probability information indicating a probability that the vari 
able holds the specific value, and the program conversion 
apparatus may further include a probability determination 
unit which determines the path execution probability and the 
value probability, according to the path identification infor 
mation, the execution probability information, the variable 
information, and the value probability information. 
0043. With this configuration, the user of the program 
conversion apparatus can describe the execution probability 
information of the path and the value probability information 
indicating a probability that a variable in the path holds a 
specific value, directly in the source program. As a result of 
this, on the basis of the average execution time of threads, 
generation of useless threads is prevented and, thus, a thread 
can be generated efficiently. Thus, efficiency of the program 
can be increased by the user in a short time. 
0044) The present invention is implemented not only as 
the program conversion apparatus described above, but also 
as a program conversion method having, as steps, the pro 
cessing units included in the program conversion apparatus 
and as a program causing a computer to execute such char 
acteristic steps. In addition, it should be obvious that such a 
program can be distributed via a computer-readable recording 
medium such as a CD-ROM or via a communication medium 
Such as the Internet. 
004.5 The program conversion apparatus according to the 
present invention can convert a specific part of the program 
into a program whereby a plurality of threads are specula 
tively executed in parallel and, thus, the specific part of the 
program can be executed in a short time. 

FURTHER INFORMATION ABOUT TECHNICAL 
BACKGROUND TO THIS APPLICATION 

0046. The disclosure of Japanese Patent Application No. 
2008-198375 filed on Jul. 31, 2008 including specification, 
drawings and claims is incorporated herein by reference in its 
entirety. 
0047. The disclosure of PCT application No. PCT/ 
JP2009/001932 filed on Apr. 28, 2009, including specifica 
tion, drawings and claims is incorporated herein by reference 
in its entirety. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0048. These and other objects, advantages and features of 
the invention will become apparent from the following 
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description thereof taken in conjunction with the accompa 
nying drawings that illustrate a specific embodiment of the 
invention. In the Drawings: 
0049 FIG. 1 is a diagram showing an example of an over 
view of a computer system. 
0050 FIG. 2 is a block diagram showing a configuration of 
a compiler system. 
0051 FIG. 3 is a diagram showing a hierarchical configu 
ration of a program conversion apparatus. 
0052 FIG. 4 is a diagram showing an example of a source 
program. 
0053 FIG. 5 is a diagram showing an example of a source 
program in which path identification information is 
described. 
0054 FIG. 6 is a diagram showing an example of a pro 
gram including a thread main block. 
0055 FIG. 7 is a diagram showing an example of a pro 
gram including a thread having a self-thread stop instruction. 
0056 FIG. 8 is a diagram showing an example of a pro 
gram including a thread having an other-thread stop block. 
0057 FIG. 9 is a diagram showing an example of a pro 
gram including a thread having an entry block and an exit 
block. 
0058 FIG. 10 is a diagram showing an example of a pro 
gram including a thread having live variables. 
0059 FIG. 11 is a diagram showing an example of a pro 
gram including a thread on which copy propagation and dead 
code elimination have been performed. 
0060 FIG. 12 is a graph showing an example of a general 
dependency relation. 
0061 FIG. 13 is a graph showing an example where a 
special dependency relation is added. 
0062 FIG. 14 is a diagram showing an example of a pro 
gram including a thread on which instruction scheduling has 
been performed. 
0063 FIG. 15 is a diagram showing an example of a pro 
gram including a thread having a thread main block and an 
other-thread stop block which are obtained by threading the 
Source program. 
0064 FIG. 16 is a diagram showing another example of a 
program including a thread having an entry block and an exit 
block. 
0065 FIG. 17 is a diagram showing another example of a 
program including a thread having live variables. 
0066 FIG. 18 is a diagram showing another example of a 
program including a thread on which copy propagation and 
dead code elimination have been performed. 
0067 FIG. 19 is a diagram showing an example of a pro 
gram including parallelized threads. 
0068 FIG. 20 is a diagram showing a hierarchical con 
figuration of a program conversion apparatus in a first modi 
fication. 
0069 FIG.21 is a diagram showing an example of a source 
program in which variable information is described, accord 
ing to the first modification. 
0070 FIG. 22 is a diagram showing an example of a pro 
gram including a thread on which copy propagation and dead 
code elimination have been performed, according to the first 
modification. 
0071 FIG. 23 is a diagram showing an example of a pro 
gram including a thread having a constant determination 
block, according to the first modification. 
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0072 FIG. 24 is a diagram showing an example of a pro 
gram including a thread on which constant propagation and 
constant folding have been performed, according to the first 
modification. 
0073 FIG. 25 is a diagram showing an example of a pro 
gram including a thread from which unnecessary instructions 
and unnecessary branches have been deleted, according to the 
first modification. 
0074 FIG. 26 is a graph showing an example where a 
special dependency relation is added, according to the first 
modification. 
0075 FIG. 27 is a diagram showing an example of a pro 
gram including a thread on which instruction scheduling has 
been performed, according to the first modification. 
0076 FIG. 28 is a diagram showing an example of a pro 
gram including parallelized threads, according to the first 
modification. 
0077 FIG. 29 is a diagram showing an example of a pro 
gram including a source program in which a plurality of path 
information pieces are described, according to a second 
modification. 
0078 FIG. 30 is a diagram showing a hierarchical con 
figuration of a main block generation unit, according to the 
second modification. 
007.9 FIG. 31A is a diagram showing an example of a 
program including a thread main block, according to the 
second modification. 
0080 FIG. 31B is a diagram showing an example of a 
program including a thread on which each of the processes 
has been performed, according to the second modification. 
I0081 FIG. 32 is a diagram showing an example of a pro 
gram including parallelized threads, according to the second 
modification. 
I0082 FIG.33 is a diagram showing another example of a 
program including parallelized threads, according to the sec 
ond modification. 
I0083 FIG.34 is a diagram showing an example of a source 
program in which probability information is described, 
according to a third to modification. 
I0084 FIG. 35 is a diagram of a program showing a part of 
an example of parallelized threads, according to the third 
modification. 
I0085 FIG. 36 is a diagram of a program showing a part of 
another example of parallelized threads, according to the 
third modification. 
I0086 FIG. 37 is a diagram showing a hierarchical con 
figuration of a thread parallelization unit, according to the 
third modification. 
I0087 FIG.38 is a diagram explaining a conventional tech 
nology. 
I0088. The following is a description of an embodiment of, 
for example, a program conversion apparatus, with reference 
to the drawings. It should be noted that the components with 
the same reference numeral perform the identical operation 
and, therefore, their explanations may not be repeated. 

<Explanation of Terms> 

I0089. Before a specific embodiment is described, terms 
used in the present specification are defined as follows. 
0090 Statement 
0091. A “statement” refers to an element of a typical pro 
gramming language. Examples of the statement include an 
assignment statement, a branch statement, and a loop state 
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ment. Unless otherwise specified, a “statement” and an 
“instruction' are used as synonyms in the present embodi 
ment. 

0092 Path 
0093. A "path’ is formed from a plurality of statements 
among which the execution sequence is usually defined. Note 
that the execution sequence of Some statements forming the 
path may not be defined. For example, when the execution 
sequence of the program shown in FIG. 4 is represented by an 
arrow “(), the following sequence can be considered as one 
path: 
0094 S1 () S2 () S3 () S4 () S5 () S8 () S9 () S12 () S13 
() S14 () S15. 
0095 Also, the sequence combining the following two can 
be considered as one path: 
0.096 S1 () S2 () S3 () S4 () S5 () S8 () S9 () S12 () S13 
() S14 () S15; and 
0097. S1 () S2 () S3 () S6 () S7 () S8 () S9 () S12 () S13 
( ) S14 ( ) S15. In this case, the execution sequence is not 
defined between S4 and the two of S6 and S7, and between S5 
and the two of S6 and S7. 
0098. Thread 
0099. A “thread' is a sequence of ordered instructions 
Suitable for processing by a computer. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Preferred Embodiment 

0100. A program conversion apparatus in the embodiment 
according to the present invention is implemented on a com 
puter system 200. FIG. 1 is a diagram showing an example of 
an overview of the computer system 200. A storage unit 201 
is a large capacity storage such as a hard disk. A processor 204 
includes a control unit and an arithmetic unit. A memory 205 
is configured with a memory element such as a metal oxide 
semiconductor integrated circuit (MOS-IC). 
0101 The program conversion apparatus in the embodi 
ment according to the present invention is implemented as a 
conversion program 202 in the storage unit 201. The conver 
sion program 202 is stored in the memory 205 by the proces 
sor 204, and is executed by the processor 204. Following the 
instructions in the conversion program 202, the processor 204 
converts a source program 203 stored in the storage unit 201 
into an object program 207 using a compiler system 210 
described later, and then stores the object program 207 into 
the storage unit 201. 
0102 FIG. 2 is a block diagram showing a configuration of 
the compiler system 210 included in the processor 204. The 
compiler system 210 converts the source program 203 
described in a high-level language. Such as C or C++, into the 
object program 207 which is a machine language program. 
The compiler system 210 is roughly configured with a com 
piler 211, an assembler 212, and a linker 213. 
0103) The compiler 211 generates an assembler program 
215, by compiling the source program 203 and replacing the 
Source program to 203 with machine language instructions 
according to the conversion program 202. 
0104. The assembler 212 generates a relocatable binary 
program 216, by replacing all codes of the assembler program 
215 provided by the compiler 211 with binary machine lan 
guage codes with reference to a conversion table or the like 
that is internally held. 
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0105. The linker 213 generates the object program 207, by 
determining an address arrangement or the like of unresolved 
data of a plurality of relocatable binary programs 216 pro 
vided by the assembler 212 and combining the addresses. 
0106 Next, the program conversion apparatus imple 
mented as the above-described conversion program 202 is 
explained in detail. The program conversion apparatus in the 
present embodiment is Claim 1 copy 
0107 FIG. 3 is a diagram showing a hierarchical configu 
ration of a program conversion apparatus. 
0108. A program conversion apparatus 1 includes a path 
analysis unit 124, a thread generation unit 101, and a thread 
parallelization unit 102. To be more specific, the thread gen 
eration unit 101 has a main block generation unit 103, a 
self-thread stop instruction generation unit 111, an other 
thread stop block generation unit 104, an entry-exit variable 
detection unit 105, an entry-exit variable replacement unit 
106, an entry block generation unit 107, an exit block gen 
eration unit 108, a thread variable detection unit 109, a thread 
variable replacement unit 110, an entry block optimization 
unit 112, a general dependency calculation unit 113, a special 
dependency generation unit 114, and an instruction schedul 
ing unit 115. 
0109 Here, the main block generation unit 103, the self 
thread stop instruction generation unit 111, and the other 
thread stop block generation unit 104 configure a thread cre 
ation unit 130. Also, the entry-exit variable detection unit 105, 
the entry-exit variable replacement unit 106, the entry block 
generation unit 107, the exit block generation unit 108, the 
thread variable detection unit 109, and the thread variable 
replacement unit 110 configure a replacement unit 140. 
Moreover, the entry block optimization unit 112, the general 
dependency calculation unit 113, the special dependency 
generation unit 114, and the instruction scheduling unit 115 
configure a thread optimization unit 150. 
0110 FIG.3 also shows an order of operations performed 
by the program conversion apparatus 1, that is, the units are 
activated in order from the top. More specifically, the pro 
gram conversion apparatus 1 activates the path analysis unit 
124, the thread generation unit 101, and the thread parallel 
ization unit 102 in this order. The thread generation unit 101 
activates the main block generation unit 103, the self-thread 
stop instruction generation unit 111, and an other-thread stop 
block generation unit 104, the entry-exit variable detection 
unit 105, the entry-exit variable replacement unit 106, the 
entry block generation unit 107, the exit block generation unit 
108, the thread variable detection unit 109, the thread variable 
replacement unit 110, the entry block optimization unit 112, 
the general dependency calculation unit 113, the special 
dependency generation unit 114, and the instruction schedul 
ing unit 115, in this order. 
0111. The above units are explained as follows in the order 
in which these units are activated. Also, specific operations 
are described based on examples shown in FIGS. 4 to 19. 
0112 The path analysis unit 124 extracts path information 
by analyzing path identification information, which identifies 
a path, described in a source program by a programmer. 
0113 FIG. 4 is a diagram showing an example of a source 
program described according to the C language notation. 
FIG. 5 is a diagram showing an example of a source program 
in which the path identification information is additionally 
described. In FIG. 5, “ilpragma PathInf indicates various 
kinds of path information. More specifically: "#pragma 
PathInf: BEGINCX) indicates the beginning of the path; 
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“ilpragma PathInf: ENDCX) indicates the end of the path; 
and “ipragma PathInf: PIDCX) indicates a midpoint of the 
path. Here, “X” represents a path name identifying the path. 
By following along these three kinds of path information in 
the execution sequence indicated by the program, the path is 
determined. To be more specific, the path X in FIG. 5 is 
determined as: 

0114 S1 () S2 () S3 () S4 () S5 () S8 () S9 () S10 () S11 
() S15. 
0115 Also, in the case where "#pragma PathInf: PIDCX)” 
immediately after S9 in FIG. 5 does not exist, the path X is 
determined as a combination of the following two: 
0116 S1 () S2 () S3 () S4 () S5 () S8 () S9 () S10 () S11 
() S15; and 
0117 S1 () S2 () S3 () S4 () S5 () S8 () S9 () S12 () S13 
() S14 () S15. 
0118. The thread generation unit 101 generates a plurality 
of threads from the path information on the specific part of the 
program, so as to avoid a race condition where the threads 
contend for access to a storage area Such as a memory or 
register. To be more specific, the thread generation unit 101 
has the main block generation unit 103, the self-thread stop 
instruction generation unit 111, the other-thread stop block 
generation unit 104, the entry-exit variable detection unit 105, 
the entry-exit variable replacement unit 106, the entry block 
generation unit 107, the exit block generation unit 108, the 
thread variable detection unit 109, the thread variable replace 
ment unit 110, the entry block optimization unit 112, the 
general dependency calculation unit 113, the special depen 
dency generation unit 114, and the instruction scheduling unit 
115, as shown in FIG. 3. 
0119 The main block generation unit 103 generates a 
thread main block by copying the path from the path infor 
mation. 
0120 FIG. 6 is a diagram showing a program including a 
thread main block generated by copying the path X shown in 
FIG. 5. In the present embodiment, a thread is defined by 
“ipragma Thread thr X” and subsequent curly brackets “{ }” 
as shown in FIG. 6. Here, “thr X' represents a thread name 
identifying the thread and, hereafter, the thread is identified 
by its name, such as “thread thr X. Also, the range of the 
thread main block is specified using the curly brackets like 
“{// Thread main block... }” as shown in FIG. 6. Thus, the 
above description may be summarized as follows: the main 
block generation unit 103 generates the thread main block of 
the thread thr X by copying the path X shown in FIG. 5, that 
is, S1 () S2 () S3 () S4 () S5 () S8 () S9 () S10 () S11 () 
S15. In particular, when a conditional branch instruction S3 
or S9 is not taken, the corresponding "else' side in the execu 
tion path is not copied. 
0121 When a determination condition of the conditional 
branch instruction in the thread main block is satisfied and a 
branch destination is not copied in the thread main block, the 
self-thread stop instruction generation unit 111 generates a 
self-thread stop instruction in order to stop the self-thread for 
the case where the determination condition is satisfied. When 
the determination condition of the conditional branch instruc 
tion in the thread main block is not satisfied and a branch 
destination is not copied in the thread main block, the self 
thread stop instruction generation unit 111 reverses the deter 
mination condition and generates a self-thread stop instruc 
tion in order to stop the self-thread for the case where the 
reversed determination condition is satisfied. 
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0.122 FIG. 7 shows a result of processing performed on 
the thread thr X shown in FIG. 6 by the self-thread stop 
instruction generation unit 111. As can be determined from 
the source program shown in FIG. 5, a statement obtained by 
copying the statement S6 which is the branch destination in 
the case where the conditional branch instruction S3 is not 
taken does not exist in the thread main block of the thread 
thr X. Thus, the self-thread stop instruction generation unit 
111 reverses the determination condition into S3 11 and gen 
erates an instruction represented as “Stop thr X in order to 
stop the self-thread in the case where the reversed determi 
nation condition is satisfied. The determination condition of 
“S9 11 can be explained similarly. 
I0123. The other-thread stop block generation unit 104 
generates an other-thread stop block including an instruction 
to stop the execution of an other thread, and arranges the 
generated block after the end of the thread main block. 
0.124 FIG. 8 shows a result of processing performed on 
the thread thr X shown in FIG. 7 by the other-thread stop 
block generation unit 104. The other-thread stop block is 
generated after the end of the thread main block. In this 
diagram, “Stop OTHER THREAD indicates that an other 
thread executed in parallel with the thread thr X is stopped. 
Once the identification name of this other thread is deter 
mined, a specific thread name is described as “OTHER 
THREAD. This is described in detail later 
(0.125. The entry-exit variable detection unit 105 detects a 
variable which is live at the entry and exit of the thread main 
block. 
0.126 The definition of a live variable and the method of 
calculating the live variable are the same as those described 
by A. V. Aho, R. Sethi, and J. D. Ullman in “Compilers: 
Principle, Techniques, and Tool. Addison Wesley Publishing 
Company Inc., 1986, pp. 631 to 632 (referred to as Non 
Patent Reference 1 hereafter). These definition and method 
are not principal objectives of the present invention and thus 
are not explained here. A variable which is “live' at the entry 
of the thread main block refers to a variable that is not updated 
before being referenced, and such a variable is referred to as 
the “entry live variable' hereafter. Also, a variable which is 
“live' at the exit of the thread main block refers to a variable 
that is referenced after the execution of the thread main block, 
and such a variable is referred to as the “exit live variable' 
hereafter. More specifically, the exit live variable refers to a 
variable referenced after “ipragma PathInf: END (. . . ). 
which indicates the end of the path in the source program 
where the path identification information is described, is des 
ignated. That is, the exit live variable is referenced after the 
statement S15 in FIG. 5. In the case of the thread main block 
shown in FIG. 8, the entry-exit variable detection unit 105 
detects variables b, c, e, gandy as the entry live variables, and 
also detects variables a, c, h, and X as the exit live variables. 
I0127 Next, the entry-exit variable replacement unit 106 
generates a new variable for each of the entry and exit live 
variables and replaces the entry or exit live variable with the 
newly generated variable at a position of its occurrence in the 
thread main block. Each of the entry block generation unit 
107 and the exit block generation unit 108 generates an 
instruction to exchange the values between the entry or exit 
live variable and the newly generated variable. 
I0128 FIG. 9 shows a result of processing performed on 
the thread main block shown in FIG. 8 by the entry-exit 
variable replacement unit 106, the entry block generation unit 
107, and the exit block generation unit 108. 
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0129. For example, the variable b, which is an entry live 
variable in the thread main block shown in FIG. 8, is replaced 
with a newly generated variable b2 at every position of its 
occurrence in the thread main block shown in FIG. 9. The 
other entry live variables c, e.g., and y are replaced similarly. 
Also, the variablea, which is an exit live variable in the thread 
main block shown in FIG. 8, is replaced with a newly gener 
ated variable a2 at every position of its occurrence in the 
thread main block shown in FIG. 9. The other exit live vari 
ables c, h, and X are replaced similarly. It should be noted here 
that since the variable c is an entry live variable as well and 
thus has been replaced with a variable c2, the replacement as 
the exit live variable is omitted. 
0130. The entry block generation unit 107 generates an 
entry block formed from a set of instructions to assign the 
values held by the entry live variables to the corresponding 
variables newly generated by the entry-exit variable replace 
ment unit 106, and then arranges the generated entry block 
before the beginning of the thread main block. 
0131 The exit block generation unit 108 generates an exit 
block formed from a set of instructions to assign the values 
held by the variables generated by the entry-exit variable 
replacement unit 106 to the corresponding exit live variables, 
and then arranges the generated exit block after the end of the 
other-thread stop block. 
(0132) The entry and exit blocks shown in FIG. 9 are the 
results of processing performed on the thread main block and 
the other-thread stop block shown in FIG.9 by the entry block 
generation unit 107 and the exit block generation unit 108, 
respectively. 
0.133 For example, in the entry block shown in FIG. 9, a 
statement S201 is generated. By the statement 201, the value 
held by the variable b which is live at the entry of the thread 
main block shown in FIG. 8 is assigned to the variable b2 
generated by the entry-exit variable replacement unit 106. 
Similarly, value assignments are performed corresponding to 
the other entry live variables c, e.g., and y. 
0134. Also, in the exit block shown in FIG.9, a statement 
S206 is generated. By the statement 206, the value held by the 
variable a2 generated by the entry-exit variable replacement 
unit 106 is assigned to the variable a which is live at the exit 
of the thread main block shown in FIG. 8. Similarly, value 
assignments are performed corresponding to the other exit 
live variables c, h, and X. 
0135) Next, a variable which is not detected by the entry 
exit variable detection unit 105 and which occurs in the thread 
main block is detected and accordingly replaced. 
0.136 FIG. 10 shows a result of processing performed on 
the thread main block shown in FIG.9 by the thread variable 
detection unit 109 and the thread variable replacement unit 
110. 

0.137 The thread variable detection unit 109 detects a 
thread live variable which is not detected by the entry-exit 
variable detection unit 105 and which occurs in the thread 
main block. In the case shown in FIG.9, the variables d and f 
which have not been detected by the entry-exit variable detec 
tion unit 105 are detected. 
0.138. The thread variable replacement unit 110 generates 
a new variable for each of the detected thread live variables 
and replaces the thread live variable with the newly generated 
variable at a position of its occurrence in the thread main 
block. In the thread main block shown in FIG. 9, the variable 
d is replaced with a newly generated variable d2 as shown in 
FIG.10. Similarly, the variable fis replaced with a variable f2. 
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(0.139. Here, FIG. 8 showing the thread thr X obtained 
through the conversion performed by the units up to the 
other-thread stop block generation unit 104 is compared to 
FIG. 10 showing the thread thr X obtained through the pro 
cessing performed by the units up to the thread variable 
replacement unit 110. The respective numbers of entry live 
variables and exit live variables in FIG.8 are the same as those 
in FIG. 10. Also, although the variables stored in the respec 
tive thread main blocks are different, the calculation pro 
cesses are completely the same between FIG. 8 and FIG. 10. 
In other words, the thread thr X shown in FIG. 8 is identical 
to the one shown in FIG. 10. 
0140. The explanation about the processing units is con 
tinued as follows. 
0.141. The entry block optimization unit 112 performs 
copy propagation on the instructions included in the entry 
block to propagate them into the thread main block and the 
exit block, and also performs dead code elimination on these 
instructions. 
0.142 FIG. 11 shows a result of the copy propagation and 
dead code elimination performed on the thread shown in FIG. 
10. 
0143. The methods of copy propagation and dead code 
elimination are the same as those described by A. V. Aho, R. 
Sethi, and J. D. Ullman in “Compilers: Principle, Techniques, 
and Tool’. Addison Wesley Publishing Company Inc., 1986, 
pp. 594 to 595 and pp. 636 to 638 (referred to as Non-Patent 
Reference 2 hereafter). These methods are not principal 
objectives of the present invention and thus are not explained 
here. Instead, specific examples are described with reference 
to FIGS. 10 and 11. 
0144 Copy propagation is performed by replacing the 
variable b2 with the variable bhaving a value equivalent to the 
value held by the variable b2, in the statements S1 1 and 
S101 which are reference destinations of the variable b2 set 
in the statement S201 in FIG. 10. As a result, a2=b+c and 
a2=bff2, as shown in FIG. 11. Moreover, since a statement to 
reference to the value of the variable b2 set in the statement 
S201 does not exist in the thread main block and exist block, 
the statement S201 is considered as a dead code and thus 
deleted. 

(0145 The other statements S202, S203, S204, and S205 in 
the entry block are also deleted after the variable conversion, 
as is the case with the statement S201. 
0146 The conversion processing by the units from the 
entry-exit variable detection unit 105 to the entry block opti 
mization unit 112 described thus far is performed with the 
intention of avoiding a race condition between the self thread 
and the other thread which are executed in parallel and con 
tend for access to a shared storage area Such as a memory or 
register. For example, Suppose that the program is executed as 
it is shown in FIG. 8, that is, the program without the pro 
cessing performed by the entry-exit variable detection unit 
105 is executed, and that the other thread references to the 
value of the variable a. In such a case, the value held by the 
variable a in the statement S11 is updated, which causes the 
other thread to perform unexpected processing. This ends up 
with a result different from the execution result of the source 
program shown in FIG. 5, meaning that a program different 
from the source program is generated. 
0147 As can be understood from the comparison between 
FIG. 8 and FIG. 11, the variable having a value to be updated 
in FIG. 8 is replaced with the newly generated variable in FIG. 
11. Therefore, the execution up to the thread main block in 
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FIG. 11 has no influence on the execution of the other thread. 
Also, before the exit block is executed, the other-thread stop 
block is executed in order to stop the other thread. Thus, a 
value held by the variable which is included in the statement 
of the exit block and which is shared by the threads can be 
safely updated. Here, the variable shared by the threads refers 
to the same single variable processed in the threads. 
0148 Next, in order to improve the processing speed for 
each thread, instruction levels in the thread are parallelized. 
014.9 The general dependency calculation unit 113 calcu 
lates a general dependency relation among the instructions in 
the threads, based on a sequence of updates and references 
performed on the instructions in the threads. The general 
dependency calculation unit 113 is identical to the one 
described by Ikuo Nakata in “Compiler construction and 
optimization (in Japanese), Asakura Shoten, Sep. 20, 1999, 
pp. 412 to 414 (referred to as Non-Patent Reference 3 here 
after). This unit is not a principal objective of the present 
invention and thus is not explained here. 
0150 FIG. 12 shows a result of processing performed on 
the program shown in FIG. 11 by the general dependency 
calculation unit 113. That is, FIG. 12 is a graph showing a 
dependency relation among the statements. In this graph, a 
statement pointed by an arrow has a dependence on a state 
ment from which the arrow originates. More specifically, 
“S2 1 ( ) S4 1” indicates that the statement S4 1 has a 
dependence on the Statement S2 1 and that the statement 
S4 1 can be executed only after the statement S2 1 has been 
executed. 
0151. The special dependency generation unit 114 gener 
ates a special dependency relation Such that the instruction in 
the other-thread stop block is executed before the instructions 
in the exit block are executed. Moreover, the special depen 
dency generation unit 114 generates a special dependency 
relation such that the self-thread stop instruction is executed 
before the instruction in the other-thread stop block is 
executed. 
0152 FIG. 13 shows a result of processing performed on 
the program shown in FIG. 11 by the special dependency 
generation unit 114. The dependencies generated by the spe 
cial dependency generation unit 114, which are indicated by 
thick arrows, are added to the dependency graph of FIG. 12. 
With these generated dependencies, timing at which the other 
thread is stopped and an order in which the instructions in the 
exit block are executed can be properly designated. 
0153. The instruction scheduling unit 115 parallelizes the 
instructions of the threads, according to the dependency rela 
tion calculated by the general dependency calculation unit 
113 and the dependency relation generated by the special 
dependency generation unit 114. The instruction scheduling 
unit 115 is identical to the one described by Ikuo Nakata in 
“Compiler construction and optimization (in Japanese)', 
Asakura Shoten, Sep. 20, 1999, pp. 358 to 382 (referred to as 
Non-Patent Reference 4 hereafter). This unit is not a principal 
objective of the present invention and thus is not explained 
here. 
0154 FIG. 14 shows a result of scheduling and parallel 
ization performed on the instructions of the thread shown in 
FIG. 11 according to the dependency relation shown in FIG. 
13. In this case here, Suppose that two instructions can be 
executed in parallel. In FIG. 14, “if” represents a separator 
between the instructions which can be executed in parallel. 
For example, the statements S1 1 and S5 1 can be executed 
in parallel. 
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0.155. Up to this point, the thread generation relating to the 
path X in the source program shown in FIG. 5 has been 
explained. Here, it is obvious that the execution of only the 
thread thr X shown in FIG. 14 is not equivalent to the execu 
tion of the source program shown in FIG. 5. This is because, 
in FIG. 5, the execution of the path X is only equivalent to the 
execution of one path from the statement S1 to the statement 
S15. Thus, suppose that a thread thr Or is generated by 
threading the program part from the statement S1 to the 
statement S15 which is the source program in FIG. 5 and is 
executed in parallel with the thread thr X in FIG. 14. In this 
case, even when the thread thr X is stopped, the execution 
equivalent to the execution from the statement S1 to the 
statement S15 in FIG. 5 is definitely guaranteed by keeping 
the thread thr Or from being stopped. The generation of the 
thread thr Or is first explained as follows, and then the par 
allel execution of the threads thr Or and thr X is explained 
later. 
0156 FIG. 15 is a diagram showing an example of a pro 
gram including a thread main block and an other-thread stop 
block which are obtained by threading the source program 
shown in FIG. 5. 
0157. The thread thr Or is generated in the same manner 
as the thread thr X. As shown in FIG. 15, the main block 
generation unit 103 generates the thread main block of the 
thread thr Or by copying all the paths from the statement S1 
to the Statement S15 in FIG.S. 
0158 Next, the self-thread stop instruction generation unit 
111 performs the processing while focusing on the branch 
destination for each conditional branch instruction in the 
thread main block in FIG.15. Here, in each of the cases where 
the determination condition of the conditional branch instruc 
tion represented as the statement S3 is satisfied and unsatis 
fied, the corresponding branch destination is present in the 
thread main block. On this account, the instruction to stop the 
self thread is not generated. Similarly, for the conditional 
branch instruction represented as the statement S9, the 
instruction to stop the self thread is not generated for this 
SaaSO. 

0159. Then, as shown in FIG. 15, the other-thread stop 
block generation unit 104 generates the other-thread stop 
block and arranges this block after the end of the thread main 
block. 
0160. As is the case with the thread thr X, the entry and 
exit live variables are detected and accordingly replaced. FIG. 
16 shows a result of processing performed on the thread 
shown in FIG.15 by the entry-exit variable detection unit 105, 
the entry-exit variable replacement unit 106, the entry block 
generation unit 107, and the to exit block generation unit 108. 
0.161 The entry-exit variable detection unit 105 is acti 
vated to detect the variables b, c, d, e.g. and y as the entry live 
variables and the variables a, c, h, and X as the exit live 
variables. 
0162 Next, the entry-exit variable replacement unit 106, 
the entry block generation unit 107, and the exit block gen 
eration unit 108 are activated. As a result of the processing 
performed by these units, the program shown in FIG. 15 is 
converted into a program shown in FIG. 16. 
(0163 Then, as in the case with the thread thr X, the thread 
variable detection unit 109 is activated to detect the variable f 
which has not been detected by the entry-exit variable detec 
tion unit 105. 
0164. Next, the thread variable replacement unit 110 is 
activated. As a result of the processing performed by the 
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thread variable replacement unit 110, the program shown in 
FIG. 16 is converted into a program shown in FIG. 17. 
0.165. Then, as in the case with the thread thr X, the entry 
block optimization unit 112 is activated to perform the copy 
propagation and dead code elimination on each of the state 
ments in the entry block in FIG. 17. As a result, the program 
shown in FIG. 17 is converted into a program shown in FIG. 
18. 
0166 Accordingly, the processing of generating the 
thread thr Or is terminated. It should be noted that the 
instruction scheduling may be performed by calculating a 
general dependency relation among the the statements 
included in the entry block, thread main block, and exit block 
of the thread thr Or. 
0167 Next, processing for the parallel execution of the 
thread thr Or and the thread thr X generated thus far is 
explained as follows. 
0168 The thread parallelization unit 102 arranges a plu 

rality of threads generated by the thread generation unit 101 in 
Such a way that the threads are executed in parallel, and thus 
generates a program which is equivalent to the specific pro 
gram part and which can be executed at an enhanced speed. 
Moreover, a specific thread which is to be stopped in the 
other-thread stop block is determined here. 
0169 FIG. 19 shows a result of processing performed on 
the thread thr X in FIG. 14 and the thread thr Or in FIG. 18 
by the thread parallelization unit 102. 
(0170. In FIG. 19, “#pragma ParaThreadExe {...}” indi 
cates that the threads inside the curly brackets are to be 
executed in parallel. To be more specific, as shown in FIG. 19. 
two threads, namely, the thread thr Or and the thread thr X, 
are arranged inside the curly brackets, which means that these 
two threads are to be executed in parallel. Moreover, the 
thread thr X is determined as “OTHER THREAD” of the 
statement S100 “Stop OTHER THREAD in FIG. 18, and is 
set in the statement S100 as shown in FIG. 19. Similarly, the 
thread thr Or is determined as “OTHER THREAD” of the 
statement S200 “Stop OTHER THREAD in the thread 
thr X of FIG. 14, and is set in the statement S200 as shown in 
FIG. 19. 

0171 As described thus far, the program conversion appa 
ratus 1 in the present embodiment can achieve: the thread 
generation Such that the generated threads do not contend for 
access to a shared memory; the instruction generation for 
thread execution control; and the scheduling of the instruc 
tions of the thread. 

0172. As compared to the case of requiring ten steps for 
the execution of the path X before conversion, the program 
conversion apparatus 1 in the present invention allows the 
thread thr X to be executed in eight steps. Moreover, when 
the path X is not executed, the thread thr Or is executed, 
meaning that the execution is equivalent to the one before 
conversion. Note that, as compared to the program before 
conversion, the thread thr Or has an increased number of 
steps because of the added entry block, other-thread stop 
block, and exit block. However, in the case where the path X 
is executed quite frequently, it is advantageous to perform the 
threading as shown in FIG. 19 since the average execution 
time becomes shorter. 

(0173 As shown in FIG. 14, the statement S10 1 is 
executed before the statement S9111. Here, when the value 
held by the variable f2 is Zero, a Zero divide exception occurs 
during the execution. When Such an exception occurs during 
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the execution, the processor or operating system may auto 
matically stop the thread when detecting the exception. 
0.174 Alternatively, as with the method disclosed in Japa 
nese Unexamined Patent Application Publication No. 2008 
4082 (referred to as Patent Reference 2), the special depen 
dency generation unit 114 may generate a dependency Such 
that a statement causing an exception during the execution 
(such as the statement S10 1 in FIG. 14) is not executed 
before a determination statement preventing the exception 
(such as the statement S91. 11 in FIG. 14). 
0.175. To be more specific, the special dependency genera 
tion unit 114 generates a dependency from the determination 
statement preventing the exception to the statement causing 
the exception. In the dependency graph shown in FIG. 12, a 
dependency is represented by an arrow from the statement 
S91. 11 to the statement S10 1. 

First Modification 

0176). In the above embodiment, the path information 
includes information on a path only. However, the path infor 
mation may be expanded so as to use variable information 
which includes a variable existing in the path and a constant 
value predetermined for the variable. 
0177 FIG. 20 is a diagram showing a hierarchical con 
figuration of a program conversion apparatus in the present 
modification. A program conversion apparatus 1 in the 
present modification is different from the program conversion 
apparatus 1 in the above embodiment in that a constant deter 
mination block generation unit 116, a constant conversion 
unit 117, and a redundancy optimization unit 118 are added. 
0.178 FIG.21 is a diagram showing an example of a source 
program in which variable information is added to the path 
information by the programmer. In this diagram, “ipragma 
PathInf: BEGINCX), VAL(b:5), VAL(e:8)” indicates that the 
variables b and e hold values 5 and 8 in the path X, respec 
tively. 
0179 The path analysis unit 124 has a variable analysis 
unit which is not included in the above embodiment. The 
variable analysis unit determines a value held by a variable 
from the variable information. To be more specific, in the case 
shown in FIG. 21, the path analysis unit 124 analyzes 
“#pragma PathInf: BEGINCX), VAL(b:5), VAL(e:8), and 
determines that the variables bande hold the values 5 and 8 
in the path X. 
0180 From the process performed by the main block gen 
eration unit 103 to the process performed by the entry block 
optimization unit 112 are the same as those performed in the 
above embodiment. More specifically, the same result as 
shown in FIG. 11 is obtained for the path X. Here, in order to 
avoid confusion with the conversion result shown in FIG. 11, 
FIG.22 shows the result in the present modification by copy 
ing the result shown in FIG. 11. Note that, as shown in FIG. 
22, the thread name is changed to a thr X VP and the variable 
names used in the thread are also changed. The conversion 
process is described with reference to FIG.22 as follows. 
0181. The constant determination block generation unit 
116 generates a constant determination block, and then 
arranges this block before the beginning of the entry block. 
Here, the constant determination block includes: an instruc 
tion to determine whether a value of a variable existing in the 
path is equivalent to a constant value predetermined for the 
variable in the variable information; and an instruction to stop 
the self-thread when the value of the variable is determined to 
be different from the predetermined constant value. 
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0182. The constant conversion unit 117 replaces the vari 
able in the thread main block with the predetermined constant 
value at its reference location, for each of the variables 
included in the variable information. 
0183 FIG. 23 shows a result of processing performed on 
the program shown in FIG.22 by the constant determination 
block generation unit 116 and the constant conversion unit 
117. As shown by the constant determination block in FIG. 
23, when the value of the variable b is not 5 or when the value 
of the variable e is not 8, the instruction to stop the thread 
thr X VP is generated. Also as shown in FIG. 23, the vari 
ables b and e in the thread main block are replaced with the 
constant values 5 and 8 at their reference locations, respec 
tively. 
0184 The redundancy optimization unit 118 performs 
typical optimization on the entry block, thread main block, 
and exit block, through constant propagation and constant 
folding. After the optimization through constant propagation 
and constant folding, an unnecessary instruction is deleted 
and an unnecessary branch is deleted in the case where a 
determination condition of a conditional is branch instruction 
is valid or invalid. In particular, in the case where the self 
thread stop instruction is executed when the determination 
condition of the conditional branch instruction is satisfied and 
where the determination condition is valid, the self-thread 
stop instruction is always executed. On this account, the 
thread generation using the variable information is canceled. 
0185. The typical optimization through constant propaga 
tion in the present modification is the same as the one dis 
closed in Non-Patent Reference 2. This technique is not a 
principal objective of the present invention and thus is not 
explained here. 
0186 FIG. 24 shows a result of the constant propagation 
and constant folding included in the optimization performed 
by the redundancy optimization unit 118. As shown in FIG. 
24, the constant folding performed on the statement S5 2 
results in “d3–9, and the constant propagation and constant 
folding of the statement S5 2 thus changes the statement 
S8 2 into “f3=12. Moreover, the constant propagation of the 
statement S8 2 changes the determination condition of the 
statement S91 21 into “12<=0. The other changes in FIG. 
24 can be explained similarly. 
0187 FIG. 25 shows a result of the remaining optimiza 
tion performed on the program shown in FIG. 24 by the 
redundancy optimization unit 118. The statement S5 2 in 
FIG. 24 has no reference location for the variable d3 and 
therefore is deleted in the processing of unnecessary instruc 
tion deletion as shown in FIG. 25. Similarly, the statements 
S8 2 and S10 2 in FIG. 24 are deleted for this same reason, 
as shown in FIG. 25. Also, since the determination condition 
of the statement S91 21 is determined to be invalid, this 
statement is deleted as shown in FIG. 25. 
0188 Next, the general dependency calculation unit 113, 
the special dependency generation unit 114, and the instruc 
tion scheduling unit 115 are activated in this order. In particu 
lar, the special dependency generation unit 114 generates a 
special dependency Such that the instructions included in the 
constant determination block generated by the constant deter 
mination block generation unit 116 are executed before the 
execution of the instruction generated by the other-thread 
stop block generation unit 104. FIG. 26 shows a dependency 
graph of the program shown in FIG. 25. In this graph, the 
dependencies indicated by thick arrows from the statements 
S310 and S311 to the statement S300 are newly generated. 
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0189 FIG. 27 shows a result of scheduling performed on 
the program shown in FIG. 25. As compared to the case 
shown in FIG. 14 in which the variable information is not 
used as the path information, the number of steps is reduced 
by one step to seven steps. 
0.190 FIG. 28 shows a result of processing performed on 
the thread thr X VP in FIG. 27 and the thread thr Or in FIG. 
17 by the thread parallelization unit 102. 
0191 As described thus far, the program conversion appa 
ratus 1 in the first modification can execute a thread in a short 
time by optimizing the thread using the variable information 
which includes a variable existing in the path and a constant 
value predetermined for the variable. 

Second Modification 

0.192 In the above embodiment, the thread thr Or is gen 
erated by threading the program part from the statement 51 to 
the statement S15 in the source program shown in FIG. 5, so 
as to be executed in parallel with the thread thr X and the 
thread thr XVP. With this, in the above embodiment, even 
when the thread thr X or the thread thr X VP is stopped, the 
thread thr Or does not stop, thereby ensuring the execution 
equivalent to the execution of the part from the statement S1 
to the statement S15 in the source program. 
0193 However, generally speaking, there may be a case 
where a plurality of paths are designated as shown in FIG. 29. 
In Such a case, all paths in the source program do not need to 
be threaded. More specifically, the thread thr Or in the above 
example can be simplified. The detailed explanation is given 
with reference to the drawings. 
0194 FIG. 30 is a diagram showing a hierarchical con 
figuration of a main block generation unit 103 of a program 
conversion apparatus in the present modification. The main 
block generation unit 103 newly includes a path relation 
calculation unit 119 and a main block simplification unit 120. 
0.195 The path relation calculation unit 119 calculates a 
thread inclusion relation. Firstly, for each of the paths desig 
nated in the path information, all subpaths taken during the 
execution of the path are extracted. 
(0196. The subpath of the path X shown in FIG. 29 is: S1 ( 
) S2 () S3 () S4 () S5 () S8 () S9 () S10 () S11 () S15. The 
subpath of the path Y shown in FIG. 29 is: S1 () S2 () S3 () 
S6 ( ) S7 () S8 () S9 () S10 () S11 () S15. 
0.197 Moreover, there are four subpaths in a path (referred 
to as the path Or for the sake of convenience) from the state 
ment S1 immediately after the start points (BEGINCX) and 
BEGIN(Y)) of the paths X and Y to the statement S15 imme 
diately before the end points (END(X) and END(Y)) of the 
paths X and Y as follows. 
(0198 Subpath 1: S1 () S2 () S3 () S4 () S5 () S8 () S9 
() S10 () S11 () S15 (identical to the path X) 
(0199 Subpath 2: S1 () S2 () S3 () S6 () S7 () S8 () S9 
() S10 () S11 () S15 (identical to the path Y) 
(0200 Subpath 3: S1 () S2 () S3 () S4 () S5 () S8 () S9 
() S12 ( ) S13 () S14 () S15 
0201 Subpath 4: S1 () S2 () S3 () S6 () S7 () S8 () S9 
() S12 ( ) S13 () S14 () S15 
0202. It should be understood that both of the paths X and 
Y are calculated to be included in the path Or. 
(0203 Here, suppose that “it pragma PathInf: PIDCX)” 
immediately after the statement S3 is not described. In this 
case, the path X has the following two Subpaths. 
0204 Subpath 1: S1 () S2 () S3 () S4 () S5 () S8 () S9 
() S10 () S11 () S15 
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0205 Subpath 2: S1 () S2 () S3 () S6 () S7 () S8 () S9 
() S10 () S11 () S15 (identical to the path Y) 
Accordingly, the path Y is also included in the path X here. 
0206 When it is determined from the thread inclusion 
relation that a first thread includes a second thread, the main 
block simplification unit 120 generates a thread main block in 
which a path that is also included in the second thread has 
been deleted from the first thread and an unnecessary instruc 
tion has been deleted as well. 
0207 Since the paths X and Y in FIG. 29 are threaded, the 
Subpaths 1 and 2 equivalent to the paths X and Y among the 
subpaths of the path Or are deleted. As a result, the path Or is 
reconstructed based on the paths 3 and 4. 
0208 FIG. 31A is a diagram showing the thread main 
block of the thread thr Or corresponding to the path Or. The 
statements S10 and S11 which do not exist in the subpaths 3 
and 4 are not copied. FIG. 31B shows a result of processing 
performed on the generated thread thr Or by the self-thread 
stop instruction generation unit 111, the other-thread stop 
block generation unit 104, the entry-exit variable detection 
unit 105, the entry-exit variable replacement unit 106, the 
entry block generation unit 107, the exit block generation unit 
108, the thread variable detection unit 109, the thread variable 
replacement unit 110, and the entry block optimization unit 
112. 
0209. Each of FIGS. 32 and 33 shows a result of process 
ing performed on the program shown in FIG. 29 by the units 
up to the thread parallelization unit 102. As shown, the con 
version is performed so that the threads thr Or, thr X, and 
thr Y are executed in parallel. The thread thr Or shown in 
FIG. 32 is simplified as compared to the one shown in FIG. 
19. 
0210. In the present modification described thus far, even 
when a specific thread is stopped, minimum necessary execu 
tion is achieved for the remaining thread. Accordingly, the 
program conversion apparatus in the present embodiment can 
reduce the execution time of the remaining thread. 

Third Modification 

0211. In the first modification, the variable information 
that includes a variable existing in the path and a constant 
value predetermined for the variable is used as the path infor 
mation. Here, probability information, which shows both a 
path execution probability and a probability that a valuable 
holds a specific value, may be used as the path information. 
0212 FIG.34 is a diagram showing an example of a source 
program in which path execution probabilities and probabili 
ties that the variables hold specific values in the path are 
added by the programmer. In the present diagram, “ipragma 
PathInf: BEGINCX:70), VAL(b:5:80), VAL(e:8:50) indi 
cates that: the execution probability of the path X is 70%; the 
probability that the variable b holds the value 5 in the path X 
is 80%; and the probability that the variable e holds the value 
8 in the path X is 50%. Also, “ilpragma PathInf: BEGIN(Y: 
25) indicates that the execution probability of the path Y is 
25%. 
0213. The path analysis unit 124 has a probability deter 
mination unit which is not included in the first modification. 
The probability determination unit determines a path execu 
tion probability and a probability that a variable holds a 
specific value in the path. To be more specific, in the case 
shown in FIG.34, the probability determination unit analyzes 
“#pragma PathInf: BEGINCX:70), VAL(b:5:80), VAL(e:8: 
50), and determines that: the execution probability of the 
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path X is 70%; the probability that the variable b holds the 
value 5 in the path X is 800%; and the probability that the 
variable e holds the value 8 in the path X is 50%. Also, the 
probability determination unit determines that the execution 
probability of the path Y is 25%. 
0214. The operation performed by the thread generation 
unit 101 is the same as the one described in the above embodi 
ment and modifications. As a result of this operation, the 
threads thr X. VP, thr Or, thr X and thr Y shown in FIGS. 
27, 32, and 33 are generated. FIGS.35 and 36 show results of 
the generated threads. 
0215 FIG. 37 is a diagram showing a hierarchical con 
figuration of a thread parallelization unit 102 of a program 
conversion apparatus in the present modification. The thread 
parallelization unit 102 newly includes a thread relation cal 
culation unit 121, a thread execution time calculation unit 
122, and a thread deletion unit 123. 
0216. The thread relation calculation unit 121 determines, 
from first and second threads generated by the thread genera 
tion unit 101, whether a path equivalent to the first thread is 
included in a path equivalent to the second thread. When 
determining so, the thread relation calculation unit 121 cal 
culates a thread inclusion relation by considering that the first 
thread is included in the second thread. 

0217. To be more specific, the thread inclusion relation is 
calculated using the path inclusion relation calculated by the 
path relation calculation unit 119 in the second modification 
above. That is, when the path 1 equivalent to the first thread 
includes the path 2 equivalent to the second thread, it is 
determined that the first thread includes the second thread. 

0218 Moreover, in the first modification, on the basis of a 
third thread before the replacement using the predetermined 
constant value and a fourth thread after the replacement, the 
thread inclusion relation is calculated by determining that the 
third thread includes the fourth thread. For example, the 
thread thr X VP shown in FIG. 36 is specialized so that the 
value of the variable b replaced with the value 5 and the value 
of the variable e is replaced with the value 8 in the path X. 
Thus, the thread thr X VP is included in the thread thr X. 
The thread execution time calculation unit 122 calculates an 
average execution time of the generated thread, using the path 
information including the path execution probability and the 
probability that the variable holds the specific value. 
0219. The average execution times of the threads thr Or, 
thr X, thr X. VP, and thr Y shown in FIGS. 35 and 36 are 
calculated as follows. 

0220 Average execution time of thr X ... TxPx 
0221 Average execution time of thr X VP. . . Tx*PXV 
0222 Average execution time of thr Y . . . TyPy 
0223 Average execution time of thr Or... Tor Por 
0224. Here, Tx., Ty, and Tor represent the execution times 
of the threads thr X, thr Y, and thr Or, respectively. Also, Px 
represents 70% which is the execution probability of the path 
X, and Py represents 25% which is the execution probability 
of the path Y. Moreover, Por represents a probability in the 
case where a path other than the paths X and Y is executed, 
and thus 5%. Furthermore, PXV represents a probability that 
the variables b and e in the path X hold the values 5 and 8 
respectively, and thus 28% (i.e., 70%*80%*50%). 
0225. When it is determined, from the thread inclusion 
relation between first and second generated threads, that the 
first thread is included in the second thread and that the 
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average execution time of the second thread is shorter than 
that of the first thread, the thread deletion unit 123 deletes the 
first thread. 
0226. In the case shown in FIG. 36, the thread thr X VP is 
included in the thread thr X. On this account, when the aver 
age execution time of the thread thr X VP is equal to or 
longer than that of the thread thr X, the thread thr X VP is 
deleted. 
0227. Although the embodiment and first to third modifi 
cations have been described thus far, the present invention is 
not limited these. The present invention includes other 
embodiments implemented by applying various kinds of 
modifications conceived by those skilled in the art or by 
combining the components of the above embodiment and 
modifications without departing from the scope of the present 
invention. 
0228. It should be noted that although the path information 

is given by the programmer in the above embodiment and 
modifications, the path information may be given to the pro 
gram conversion apparatus from an execution tool Such as a 
debugger or a simulator. Also, instead of receiving from the 
Source program, the program conversion apparatus may 
receive the path information as, for example, a path informa 
tion file which is separated from the Source program. 
0229. Moreover, an instruction code may be added to the 
assembler program. Furthermore, the shared memory may be 
a centralized shared memory or a distributed shared memory. 
0230. Although only an exemplary embodiment of this 
invention has been described in detail above, those skilled in 
the art will readily appreciate that many modifications are 
possible in the exemplary embodiment without materially 
departing from the novel teachings and advantages of this 
invention. Accordingly, all such modifications are intended to 
be included within the scope of this invention. 

INDUSTRIAL APPLICABILITY 

0231. As described above, the program conversion appa 
ratus according to the present invention reconstructs a spe 
cific part of a source program using a plurality of threads 
which are equivalent to the specific part and which do not 
contend for access to a shared storage area. Then, the optimi 
Zation conversion and the instruction-level parallelization 
conversion are performed for each of the threads, so that the 
plurality of threads are executed in parallel. Accordingly, the 
present invention has an advantageous effect of generating a 
program whose specific part of a source program can be 
executed at an enhanced speed, and is useful as a program 
conversion apparatus and the like. 
0232 1 Program conversion apparatus 
0233. 101 Thread generation unit 
0234 102 Thread parallelization unit 
0235 103 Main block generation unit 
0236 104 Other-thread stop block generation unit 
0237) 105 Entry-exit variable detection unit 
0238 106 Entry-exit variable replacement unit 
0239) 107 Entry block generation unit 
0240 108 Exit block generation unit 
0241 109 Thread variable detection unit 
0242 110 Thread variable replacement unit 
0243 111 Self-thread stop instruction generation unit 
0244 112 Entry block optimization unit 
0245) 113 General dependency calculation unit 
0246 114 Special dependency generation unit 
0247 115 Instruction scheduling unit 
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0248 116 Constant determination block generation unit 
0249 117 Constant conversion unit 
0250) 118 Redundancy optimization unit 
0251 119 Path relation calculation unit 
(0252) 120 Main block simplification unit 
0253) 121 Thread relation calculation unit 
0254. 122 Thread execution time calculation unit 
0255 123 Thread deletion unit 
(0256 124 Path analysis unit 
0257 130 Thread creation unit 
(0258. 140 Replacement unit 
(0259 150 Thread optimization unit 
0260 200 Computer system 
0261) 201 Storage unit 
0262 202 Conversion program 
0263. 203 Source program 
0264. 204 Processor 
0265. 205 Memory 
0266 207 Object program 
0267 210 Compiler system 
0268 211 Compiler 
0269. 212 Assembler 
0270 213 Linker 
(0271) 215 Assembler program 
0272. 216 Relocatable binary program 
(0273 300 Conventional thread example 
0274 301 Conventional thread example 
(0275 302 Conventional thread example 
(0276. 303 Conventional thread example 
What is claimed is: 
1. A program conversion apparatus comprising: 
a thread creation unit configured to create a plurality of 

threads equivalent to a program part included in a pro 
gram, based on path information on a plurality of execu 
tion paths, each of the execution paths going from a start 
to an end of the program part, each of the threads being 
equivalent to at least one of the execution paths; 

a replacement unit configured to perform variable replace 
ment on the threads so that a variable shared by the 
threads is accessed by only one of the threads in order to 
avoid an access conflict among the threads; and 

a thread parallelization unit configured to generate a pro 
gram which causes the threads to be speculatively 
executed in parallel after the variable replacement. 

2. The program conversion apparatus according to claim 1, 
wherein said thread creation unit includes: 
a main block generation unit configured to generate a 

thread main block which is a main body of a thread, by 
copying an instruction included in one of the execution 
paths of the program part; and 

an other-thread stop block generation unit configured to 
generate another-thread stop block including an instruc 
tion for stopping an execution of an other thread, and to 
arrange the other-thread stop block after the thread main 
block, and 

said replacement unit includes: 
an entry-exit variable detection unit configured to detect an 

entry live variable and an exit live variable which are live 
at a beginning and an end of the thread main block, 
respectively; 

an entry-exit variable replacement unit configured to gen 
erate a new variable for each of the detected entry and 
exit live variables, and to replace the detected live vari 
able with the new variable in the thread main block; 
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an entry block generation unit configured to generate an 
entry block including an instruction for assigning a value 
held by the detected entry live variable to the new vari 
able generated by said entry-exit variable replacement 
unit, and to arrange the entry block before the thread 
main block; 

an exit block generation unit configured to generate an exit 
block including an instruction for assigning a value held 
by the new variable generated by said entry-exit variable 
replacement unit to the detected exit live variable, and to 
arrange the exit block after the other-thread stop block; 

a thread variable detection unit configured to detect a 
thread live variable which is not detected by said entry 
exit variable detection unit and which occurs in the 
thread main block; and 

a thread variable replacement unit configured to generate a 
new variable for the detected thread live variable and to 
replace the detected thread live variable with the new 
variable in the thread main block. 

3. The program conversion apparatus according to claim 2, 
wherein said thread creation unit further includes 
a self-thread stop instruction generation unit configured, 
when a branch target instruction of a conditional branch 
instruction in the thread main block does not exist in the 
execution path of the thread main block, to generate a 
self-thread stop instruction, as the branch target instruc 
tion, in order to stop the thread, and to arrange the 
self-thread stop instruction in the thread main block. 

4. The program conversion apparatus according to claim3, 
wherein, when the branch target instruction of the condi 

tional branch instruction which branches when a deter 
mination condition is not satisfied does not exist in the 
execution path of the thread main block, the self-thread 
stop instruction generation unit is further configured to: 
reverse the determination condition of the conditional 
branch instruction; generate a self-thread stop instruc 
tion, as the branch target instruction, in order to stop the 
thread for a case where the reversed determination con 
dition is satisfied; and arrange the self-thread stop 
instruction in the thread main block. 

5. The program conversion apparatus according to claim 2, 
further comprising 

a thread optimization unit configured to optimize the 
instructions in the threads on which the variable replace 
ment has been performed by said replacement unit, so 
that the instructions are executed more efficiently, 

wherein said thread parallelization unit is configured to 
generate a program that causes the threads optimized by 
said thread optimization unit to be speculatively 
executed in parallel. 

6. The program conversion apparatus according to claim 5. 
wherein said thread optimization unit includes 
an entry block optimization unit configured to perform 

optimizations of copy propagation and dead code elimi 
nation on: the instruction of the entry block in the thread 
on which the variable replacement has been performed; 
the thread main block; and the exit block. 

7. The program conversion apparatus according to claim 5. 
wherein said thread optimization unit further includes: 
a general dependency calculation unit configured to calcu 

late a dependency relation among the instructions of the 
threads on which the variable replacement has been 
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performed by said replacement unit, based on a 
sequence of updates and references performed on the 
instructions in the threads; 

a special dependency generation unit configured to gener 
ate a dependency relation Such that the instruction in the 
other-thread stop block is executed before the instruc 
tion in the exit block is executed and a dependency 
relation such that the self-thread stop instruction is 
executed before the instruction in the other-thread stop 
block is executed; and 

an instruction scheduling unit configured to parallelize the 
instructions in the threads, according to the dependency 
relation calculated by said general dependency calcula 
tion unit and the dependency relations generated by said 
special dependency generation unit. 

8. The program conversion apparatus according to claim 2, 
wherein the path information includes a variable existing in 

the execution path and a constant value predetermined 
for the variable, 

said program conversion apparatus further comprises: 
a constant determination block generation unit configured 

to generate a constant determination block and arrange 
the constant determination block before the entry block, 
the constant determination block including: an instruc 
tion for determining whether a value of the variable is 
equivalent to the constant value; and an instruction for 
stopping the thread when the value of the variable is not 
equivalent to the constant value; and 

a constant conversion unit configured to convert the vari 
able in the thread main block into the constant value, and 

said thread parallelization unit is configured to generate a 
program that causes the threads to be speculatively 
executed in parallel after the conversion. 

9. The program conversion apparatus according to claim 7. 
wherein the path information includes a variable existing in 

the execution path and a constant value predetermined 
for the variable, 

said program conversion apparatus further comprises: 
a constant determination block generation unit configured 

to generate a constant determination block and arrange 
the constant determination block before the entry block, 
the constant determination block including: an instruc 
tion for determining whether a value of the variable is 
equivalent to the constant value; and an instruction for 
stopping the thread when the value of the variable is not 
equivalent to the constant value; and 

a constant conversion unit configured to convert the vari 
able in the thread main block of the thread into the 
constant value when said constant determination block 
generation unit determines that the value of the variable 
is equivalent to the constant value, and 

said thread parallelization unit is configured to generate a 
program that causes the threads to be speculatively 
executed in parallel after the conversion. 

10. The program conversion apparatus according to claim 

wherein said special dependency generation unit is further 
configured to generate a special dependency relation 
Such that the instructions in the constant determination 
block are executed before the instruction in the other 
thread stop block is executed. 

11. The program conversion apparatus according to claim 
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wherein the threads include a first thread and a second 
thread, and 

said main block generation unit includes: 
a path relation calculation unit configured to calculate a 

path inclusion relation between the first and second 
threads; and 

a main block simplification unit configured to delete, from 
the first thread, a path included in both the first and 
second threads, when it is determined from the path 
inclusion relation that the first thread includes the sec 
ond thread. 

12. The program conversion apparatus according to claim 
2. 

wherein said thread parallelization unit includes: 
a thread relation calculation unit configured to: determine 

whether an execution path equivalent to a first thread is 
included in an execution path equivalent to a second 
thread, the first and second threads being included in the 
threads; and calculate a thread inclusion relation 
between the first and second threads by determining that 
the first thread is included in the second thread when 
determining that the execution path equivalent to the 
first thread is included in the execution path equivalent to 
the second thread: 

a thread execution time calculation unit configured to cal 
culate an average execution time for each of the gener 
ated threads, using the path information including a path 
execution probability and a value probability that a vari 
able holds a specific value; and 

a thread deletion unit configured to delete the first thread, 
when the first thread is included in the second thread and 
the average execution time of the second thread is 
shorter than the average execution time of the first 
thread. 

13. The program conversion apparatus according to claim 
1, 

wherein the program includes path identification informa 
tion for identifying a path included in the program part, 
and 

said program conversion apparatus further comprises 
a path analysis unit configured to analyze the path identi 

fication information and extract the path information. 
14. The program conversion apparatus according to claim 

13, 
wherein the program includes variable information indi 

cating a value held by a variable existing in the execution 
path, and 

said path analysis unit includes 
a variable analysis unit configured to determine the value 

held by the variable, by analyzing the path identification 
information and the variable information. 

15. The program conversion apparatus according to claim 
12, 

wherein the program includes: path identification informa 
tion for identifying a path; execution probability infor 
mation on the path; variable information indicating a 
value held by the variable existing in the path; and value 
probability information indicating a probability that the 
variable holds the specific value, and 

said program conversion apparatus further comprises 
a probability determination unit configured to determine 

the path execution probability and the value probability, 
according to the path identification information, the 
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execution probability information, the variable informa 
tion, and the value probability information. 

16. A program conversion method comprising: 
creating a plurality of threads equivalent to a program part 

included in a program, based on path information on a 
plurality of execution paths, each of the execution paths 
going from a start to an end of the program part, each of 
the threads being equivalent to at least one of the execu 
tion paths; 

performing variable replacement on the threads so that a 
variable shared by the threads is accessed by only one of 
the threads in order that an access conflict among the 
threads is avoided; and 

generating a program which causes the threads to be specu 
latively executed in parallel after the variable replace 
ment. 

17. The program conversion method according to claim 16, 
wherein said creating includes: 
generating a thread main block which is a main body of a 

thread, by copying an instruction included in one of the 
execution paths of the program part; and 

generating an other-thread stop block including an instruc 
tion for stopping an execution of an other thread and 
arranging the other-thread stop block after the thread 
main block, 

said performing of variable replacement includes: 
detecting an entry live variable and an exit live variable 

which are live at a beginning and an end of the thread 
main block, respectively; 

generating a new variable for each of the detected entry and 
exit live variables and replacing the detected live vari 
able with the new variable in the thread main block; 

generating an entry block including an instruction for 
assigning a value held by the detected entry live variable 
to the new variable generated in said generating of a new 
variable, and arranging the entry block before the thread 
main block; 

generating an exit block including an instruction for 
assigning a value held by the new variable generated in 
said generating of a new variable to the detected exit live 
variable, and arranging the exit block after the other 
thread stop block; 

detecting a thread live variable which is not detected in said 
detecting and which occurs in the thread main block; and 

generating a new variable for the detected thread live vari 
able and replacing the detected thread live variable with 
the new variable in the thread main block, 

said program conversion method further comprising 
optimizing the instructions in the threads on which the 

variable replacement has been performed in said per 
forming of variable replacement, so that the instructions 
are executed more efficiently, 

said optimizing includes: 
performing optimizations of copy propagation and dead 

code elimination on: the instruction of the entry block in 
the thread on which the variable replacement has been 
performed; the thread main block; and the exit block; 

calculating a dependency relation among the instructions 
of the threads on which the variable replacement has 
been performed in said performing of variable replace 
ment, based on a sequence of updates and references 
performed on the instructions in the threads: 

generating a dependency relation Such that the instruction 
in the other-thread stop block is executed before the 
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instruction in the exit block is executed and a depen 
dency relation such that the self-thread stop instruction 
is executed before the instruction in the other-thread stop 
block is executed; and 

parallelizing the instructions in the threads, according to 
the dependency relation calculated in said calculating of 
a dependency relation and the dependency relationsgen 
erated in said generating of dependency relations, and 

in said generating of a program, a program that causes the 
threads optimized in said optimizing to be speculatively 
executed in parallel is generated. 

18. The program conversion method according to claim 17. 
wherein the path information includes a variable existing in 

the execution path and a constant value predetermined 
for the variable, 

said program conversion method further comprises: 
generating a constant determination block and arranging 

the constant determination block before the entry block, 
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the constant determination block including: an instruc 
tion for determining whether a value of the variable is 
equivalent to the constant value; and an instruction for 
stopping the thread when the value of the variable is not 
equivalent to the constant value; and 

converting the variable in the thread main block into the 
constant value, and 

in said generating of a program, a program that causes the 
threads to be speculatively executed in parallel after the 
conversion is generated. 

19. The program conversion method according to claim 18, 
wherein, in said generating of dependency relations, a spe 

cial dependency relation is further generated so that the 
instructions in the constant determination block are 
executed before the instruction in the other-thread stop 
block is executed. 


